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Abstract 

C57BL/6 mice macrophages innately produce liiglier levels of NO than BALB/c cells when stimulated with LPS. Here, we 
investigated the molecular events that account for this intrinsic differential production of NO. We found that the lower 
production of NO in BALB/c is not due to a subtraction of L-arginine by arginase, and correlates with a lower iNOS 
accumulation, which is independent of its degradation rate. Instead, the lower accumulation of iNOS is due to the lower 
levels of iNOS mRNA, previously shown to be also independent of its stability, suggesting that iNOS transcription is less 
efficient in BALB/c than in C57BL/6 macrophages. Activation of NFkB is more efficient in BALB/c, thus not correlating with 
iNOS expression. Conversely, activation of STAT-1 does correlate with iNOS expression, being more prominent in C57BL/6 
than in BALB/c macrophages. IFN-p and IL-10 are more highly expressed in C57BL/6 than in BALB/c macrophages, and the 
opposite is true for TNF-a. Whereas IL-1 0 and TNF-a do not seem to participate in their differential production of NO, IFN-p 
has a determinant role since 1) anti-IFN-p neutralizing antibodies abolish STAT-1 activation reducing NO production in 
C57BL/6 macrophages to levels as low as in BALB/c cells and 2) exogenous rIFN-p confers to LPS-stimulated BALB/c 
macrophages the ability to phosphorylate STAT-1 and to produce NO as efficiently as C57BL/6 cells. We demonstrate, for the 
first time, that BALB/c macrophages are innately lower NO producers than C57BLy6 cells because they are defective in the 
TLR-4-induced IFN-p-mediated STAT-1 activation pathway. 
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introduction 

The functions of macrophages as microbicidal, cytokine- 
producing and antigen-presenting cells make them crucial players 
in host resistance to a variety of pathogens, in many cases 
determining a favorable outcome for the infected host. At times, 
however, macrophages play the reverse role, harboring intracel- 
lular microorganisms, thereby providing them appropriate envi- 
ronments for their development and sheltering them from the 
adaptive immune response, leading to chronic diseases. Whether 
macrophages kill or house pathogens depends both on the 
vulnerability of the microorganism and the activation state of 
the host cells. These can be activated either by pathogens, through 
their various pathogen-associated molecular patterns (PAMP) [1] 
or by cytokines [2]. Previous reports have shown that macro- 
phages from Till- and Th2-prone mice differ in their ability to be 



activated by the so-called classical activators, IFN-y and/or LPS. 
Hence, cells from BALB/c mice (typical Th2 responders) 
stimulated with LPS not only produce little or no NO, but also 
increase arginine metabolism of ornithine. In contrast, cells from 
C57BL/6 mice (typical Thl responders) produce a strong NO and 
citruUine response and seem to decrease their production of 
ornithine [3]. The differential ability of C57BL/6 and BALB/c 
macrophages to produce NO in vitro in response to IFN-y and LPS 
or TNF-a had also been demonstrated by several groups, 
including ours [4-11]. C57BL/6 and BALB/c mice are broadly 
used as prototypes of resistance and susceptibiHty, respectively, to 
several infectious diseases. In many cases, resistance is due to the 
microbicidal effect of NO produced by these cells [12-14], 
particularly in response to IFN-y produced by Thl lymphocytes. A 
well-studied example is the resistance of C57BL/6 to Leishmania 
major infection. Most published work on this model agrees that the 
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resistance of C57BL/6 to L. major k dependent of a Thl-induced 
macrophage NO production or other Th-dependent responses 
[15,16]. However, the fact that C57BL/6 macrophages intrinsi- 
cally produce more NO than BALB/ c cells, regardless any 
ongoing Th response, suggests that macrophage-mediated innate 
immunity have a more relevant status than currently believed in 
the intricate mechanisms that confers resistance to the parasite. 
This led us to start investigating the molecular basis of the 
differential intrinsic ability of macrophages from C57BL/6 and 
BALB/ c mice to produce NO in response to IFN-y and LPS. In a 
previous work [10], we found that the higher production of NO by 
C57BL/6 macrophages is a consequence of a higher expression of 
iNOS, which results from higher accumulation of iNOS mRNA, 
in comparison with BALB/c cells. We also found that in the 
double-stimulated cells the difference in the accumulation of iNOS 
mRNA in C57BL/6 and BALB/c macrophages is not a con- 
sequence of differential stabilities of the mRNA, suggesting that 
iJVOS is transcribed at different rates in C57BL/6 and BALB/c. 

In the present study, we sought to identify the differences in the 
signaling cascade for iNOS synthesis between C57BL/6 and 
BALB/ c macrophages that results in higher NO production by the 
former, in an attempt to investigate th(" significance of this 
difference early in the response in determining the susceptible and 
the resistant phenotypes in these murine models to some infectious 
diseases in particular to leishmaniasis. Herein, we stimulated 
macrophages with LPS without the co-stimulus of IFN- y to focus 
on the differences only in TLR4-driven signaling pathways. Our 
results demonstrated that the difference in the production of NO is 
not due to a differential availability of L-arginine resulting of a 
differential arginase activity. Rather, C57BL/6 and BALB/c 
macrophages differ in the regulation of the expression of iNOS 
and iNOS mRNA, which appears to reside at the transcriptional 
level. We found that the surplus of NO in C57BL/6 compar('d to 
BALB/ c is due to a higher production of IFN-fS that leads to a 
higher activation of STAT- 1, indispensable for iNOS transcription. 

Materials and Methods 

Animals and ethics statement 

C,57BL/6 and BALB/c mice were purchased from Centro de 
Bioterismo, ICB, UFMG, Belo Horizonte, Brazil. This study was 
carried out in strict accordance with Brazilian laws governing 
animal experimentation. The protocol was approved by the 
Universidade Federal de Minas Gerais Animal Experimentation 
Ethics Committee (Permit Number 108/2004) and all efforts were 
made to minimize suffering. 

Equipments, consumables and softwares were purchased from: 
Brazil: Cripion Biotecnologia Ltda, Andradina, SP; Life Tech- 
nologies do BrasU, Vila Guarani, SP. USA: BD, San Jose, CA; BD 
Biosciences, Franklin Lakes, NJ; Bio-Rad laboratories, Inc., 
Hercules, CA; Cell Signaling Technology Inc., Danvers, MA; 
Difco, Franklin Lakes, NJ; GE Healthcare, Waukesha, WI; 
GraphPad Software, Inc., La JoUa, CA; InvivoGen, San Diego, 
CA; KPL, Gaithersburg, MD; Millipore, Billerica, MA; Molecular 
Devices, LCC, Sunnyvale, CA; Nalge Nunc International, 
Rochester, NY; R&D Systems, Minneapolis, MN; Shering- 
Plough, Whitehouse Station, NJ; Sigma-Aldrich, St. Louis, MO; 
Tree Star, Inc., Ashland, OR. The Netherlands: PBL 
Biomedical Laboratories, Leiden. 

Cell cultures 

Peritoneal macrophages were harvested 4 days after i.p. injection 
of 2.0 mL of 3% thioglycolate medium (Difco) to 7- to 10-wk-old 
BALB/c and C57BL/6 mice. Cells were plated in 96- (1 x itf* cells/well). 



24- (3x10^ to 1 xlO'' ceUs/well) or 6-weU plates {5x10^^ cells/well) 
containing RPMI 1640 (Sigma-Aldrich) supplemented with 10% of 
heat-inactivated FBS (Cripion Biotecnologia Ltda) and 50 mg/mL 
of gentamycin (Shering-Plough) (RPMI/FBS) and incubated for 
2 h at 37°C and 5% CO2. Adherent cells were then washed with 
RPMI, further incubated overnight under the same conditions, and 
the medium was replaced by a fresh one. Unless otherwise 
indicated, cells were cultured in the presence of 1 ng/mL LPS 
[Escherichia coli serotype 0127) (Sigma-Aldrich) or Poly (I:C) 
(InvivoGen). In some experiments, the supernantant of 8 h- 
stimulated C57BL/6 cells or 0.5 to 10 U/ml recombinant mouse 
IFN-P (Millipore) was added to BALB/c cells, which were cultured 
for the indicated period of time. 

Bone marrow macrophages were obtained as described [17]. 
Briefly, femurs and tibias were flushed with 5 mL of Hank's 
balanced salt solution (Life technologies do Brasil). The suspension 
was centrifuged, and cells were resuspended in RPMI/FBS 
containing 10% L929 cell-conditioned medium (LCCM) as a 
source of M-CSF [18]. The cells were distributed in 24-well plates 
and incubated at 37°C and 5"X) CO2. After 3 days, 0.1 mL of 
LCCM was added and the media was renewed on the seventh day. 
Cells were used on the 10th day of culture, when completely 
differentiated into macrophages. 

Quantification of NO 

Cell culture supernatants were assayed for NO2 accumtilation 
as described [19]. Briefly, 50 ^ll-samples were incubated with 
equal volumes of Griess reagent (1% sulphanUamide, 0.1% N-1- 
naphtylethylenediamine dihydrochloride, 2.5% phosphoric acid) 
in microplates at room temperature for 10 min. The absorbance 
at 540 nm was determined in a spectrophotometer (SPECTRA- 
max 340, Molecular Devices). N02~ concentrations were 
calculated using a standard curve using sodium nitrite. 

RNA isolation and real-time RT-PCR 

Total RNA was isolated from macrophage cultures using the 
Illustra™ RNAspin MiniRNA Isolation Kit, and the reverse 
transcription was performed using 500 ng of RNA and the 
IllustraReady-To-Go RT-PCR Beads (GE Healthcare), according 
to the manufacturer's instructions. Real-Time RT-PCR was 
conducted in a final volume of 10 |J,L containing SYBR Green 
PGR Master Mix (Life Technologies do Brasil), 1 jtM of each 
primer and oligo-dT-cDNA. The PGR reaction was performed 
with an ABI 7900 Real-Time PGR System (Life Technologies do 
Brasil) using the following cycling parameters: 60' C, 10 min, 
95°C, 10 min, 40 cycles of 95°C, 15 sec and 60°C, 1 min, and a 
dissociation stage of 95°C, 15 sec, 60°C, 1 min, 95°C, 15 sec, and 
60°C, 15 sec. The primers used to amplify the specific fragment 
corresponding to unique genes were: iNOS - F: CAGCTGGG- 
CTGTACAAACCTT, R: CATTGGAAGTGAAGCGTTTCG; 
(3-actin - F: AGAGGGAAATCGTGCGTGAC, R: CAATAGT- 
GATGACCTGGCCGT [21]; arginase I - F: AAAGCTGGTCT- 
GCTGGAAAA, R: ACAGACCGTGGGTTCTTCAC; arginase 
II - F: TGGACAGCCACTTTCCTTTC, R: GAGGCTCCAC- 
ATCTCTCAGG; IFN-|3 - F: ACGTGGGAGATGTCCTCAA- 
CTGC, R: TCGGACCACCATCCAGGCGT; IL-10 - F: TGG- 
ACAACATACTGCTAACC, R: GGATCATTTCCGATAAG- 
GCT; TNF-a - F: TGTGCTCAGAGCTTTCAACAA, R: CTT- 
GATGGTGGTGCATGAGA [22]. Data are presented as relative 
expression units after normalization to P-actin. Reactions were 
conducted in triplicate. 
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Arginase activity 

Arginase activity was measured as previously described [23]. 
Briefly, cells were lysed with 50 |a,l of 0.1% Triton X-100 (Sigma- 
Aldrich). The lysate was stirred for 30 min, and 50 |a,l of 10 mM 
MnCl2 with 50 mM Tris-HCl pH 7.4 were added to activate the 
enzyme for 10 min at 56°C. Arginine hydrolysis was performed by 
incubating the lysate with 25 |al of 0.5 M L-arginine (pH 9.7) at 
37°C for 60 min. The reaction was stopped by adding 400 [ll of a 
solution containing HgSO^, H^POi and H2O (1:3:7). The urea 
concentration was measured at 540 nm after the addition of 25 |il 
of a-isonitrosopropiophenone (Sigma-Aldrich) dissolved in etha- 
nol, followed by heating at 95°C for 45 min. The activity of the 
samples was calculated by using a standard curve generated from 
known quantities of urea. One unit is defined by the amount of 
enzyme that catalyzes the formation of 1 |J,mol of urea per min. 

Protein extracts and western blot analysis 

Total cellular proteins were isolated using standard methods 
[20]. In brief, cell monolayers were washed with PBS and treated 
with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
50 mM NaF, 10 mM |3-glycerophosphate, 0.1 mM EDTA, 10% 
glycerol, 1% Triton X-100, I mM sodium orthovanadate) 
supplemented with a protease inhibitor cocktail (GE Healthcare). 
The lysates were then clarified by centrifugation at 13,000 g for 
10 min at 4°C and the protein concentrations of the whole cell 
lysates were measured by the Bradford protein assay (Bio-Rad 
laboratories. Inc.). Lysates of the same number of cells (around 
40 |ig protein) were subjected to electrophoresis on SDS-PAGE 
gels followed by Western blot according to standard techniques, 
using the following monoclonal antibodies: anti-Nitric Oxide 
Synthase, Inducible (Sigma-Aldrich), anti-phospho(p)-NF-KB p65 
(Ser536), anti-lKB-a, anti-STAT-1, anti-p-STAT-1 (Y701) and 
anti-[3-actin (Cell Signaling Technology Inc.). Peroxidase-labeled 
anti-Rabbit IgG (KPL) was used as the secondary antibody. 
Immunoreactive bands were visualized using a Luminol chemUu- 
minescent HRP substrate (Millipore) and were analyzed in a 
Storm System 860 (GE Healthcare). Densitometry analyses were 
performed using ImageJ 1.44p (National Institutes of Health, 
Bethesda, MD). 

iNOS protein degradation 

Macrophage cultures were incubated with LPS (1 ng/mL) for 
15 h and exposed to 50 |j,g/mL cycloheximide (CHX) to stop 
protein synthesis. Cell monolayers were washed with PBS at 0, 1, 
3, 5 and 7 h after the addition of CHX, and the total cellular 
extracts was used in Western blot analysis to detect iNOS. As a 
control of translational inhibition, the cell monolayers were 
exposed to CHX for 2 h before LPS stimulation. 

Neutralization of IFN-p, IL-10 and TNF-a 

The macrophages were incubated with LPS (1 |ig/mL) or 
supernantants of LPS-stimulated cells for 8 to 72 h in the presence 
of one of the following neutralizing antibodies: rabbit polyclonal 
antibody specific for IFN-P (PBL Biomedical Laboratories), mouse 
monoclonal IgG antibody specific for IL- 1 0, kindly donated by Dr. 
Milton Adriano Pelli de Oliveira (Universidade Federal de Goias, 
Brazil), rat monoclonal IgG antibody specific for IL-10 receptor 
(Harlan Bioproducts Science) (kindly donated by Dr. David Sacks, 
NIH, USA), and mouse-human chimeric anti-human TNF-a 
antibody (Infliximab) (Remicade, Janssen Biotech Inc.), known to 
recognize mouse TNF-a, a gift from Dr. Aristobolo Mendes da 
SUva, UFMG, Brazil). Supematants were then collected for NO 



quantification, and total cellular protein was extracted for Western 
blot analysis. Normal rabbit IgG was used as isotype control. 

Cytokines measurement 

IL-10 and TNF-a were measured in macrophage supernatants 
by ELISA using the mouse IL-10 or the mouse TNF (Mono/ 
Mono) ELISA Set, respectively (R&D Systems), according to the 
manufacturer's instructions. 

Data representation 

The results of this study were represented as a typical 
experiment of at least three independent and reproducible 
experiments, which are shown as supplemental figures. 

Results 

Differential sensitivity of C57BL/6 and BALB/c 
macrophages to LPS NO production 

Previous results have shown that C57BL/6 and BALB/c 
macrophages are differentially sensitive to LPS plus IFN-y for 
the production of NO [10]. Here, in an attempt to identify the 
differences in the TLR4-induced signaling cascade for NO 
production, we used LPS only. We initially show a dose-response 
and a time-course of NO production in response to LPS. We can 
observe the striking difference in NO production between C57BL/ 
6 and BALB/ c macrophages and the concentration-dependence of 
C57BL/6 cells response (Fig. lA). At the concentration of 1 [Lg/ 
mL LPS, which induced the maximal difference between the two 
mice strains, the increase in NO production over time is dramatic 
in C57BL/6 and almost negligible in BALB/c. The difference 
remarkably increases during 72-96 h, when is maximal (Fig. IB). 
Bone marrow-derived macrophages from C57BL/6 and BALB/c 
are also differentially sensitive to LPS, behaving like the 
thioglycolate-elicited cells (Fig. IC). In different experiments, we 
may see a variation in the amount of NO produced, but in all of 
them there is always at least 3 times more NO produced by 
C57BL/6 macrophages at this concentration of LPS. Cell viability 
is >95% up to 72 h, when it decreases to approximately 30% 
(data not shown), so that the amount of NO measured at 72-96 h 
reflects the accumulated nitrite. 

Differential production of NO by C57BLy6 and BALB/c 
macrophages is not due to a difference in arginase 
activity 

In a previous report [10], we had not ruled out the participation 
of arginase in the differential production of NO by C57BL/6 and 
BALB/c macrophages. In order to verify whether the lower 
production of NO by BALB/c macrophages was due to a 
depletion of L-arginine by arginase, we investigated the expression 
and the activity of this enzyme. Notably, the constitutive 
expression of arginase I is higher in C57BL/6 than in BALB/c 
macrophages (Fig. 2A) and the opposite is true for arginase II 
(Fig. 2B). Moreover, LPS preferentially induces the upregulation of 
arginase I and II in C57BL/6 and BALB/c macrophages, 
respectively. However, the activity of total arginase after stimu- 
lation with LPS increased similarly in both types of macrophages, 
following a kinetic that matches mRNA expression (Fig. 2C). By 
72 h, arginase activity decreased to similar levels in the 
macrophages. This result rules out the contribution of arginase 
to the differential production of NO by C57BL/6 and BALB/c 
macrophages in response to LPS. 
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Figure 1. NO production by BALB/c and C57BL/6 macrophages. 

Peritoneal or bone marrow macrophages (1 xlO^) were stimulated with 
LPS at the indicated concentrations for 72 h (A) or with 1 |ig/mL LPS for 
the indicated periods of time (B and C). Culture supernatants were 
analyzed for N0^2 concentration using the Griess reaction, as described 
in the Materials and Methods. Values correspond to the mean of 
triplicate wells, and data are representative of three independent and 
reproducible experiments. Additional experiments to illustrate the 
variability in the results are shown in Fig. SI. 
doi:1 0.1 371/journal.pone.009891 3.g001 

Differential production of NO in C57BLV6 and BALB/c 
macrophages correlates with the expression of the 
enzyme iNOS 

We next investigated whether the LPS-induced difFerential 
production of NO by C57BL/6 and BALB/c macrophages was 
due to differences in the levels of iNOS. We showed by Western 
blot that LPS induces a strong expression of iNOS (130 kDa) 
(Fig. 3A) in C57BL/6 macrophages, detected as early as 6 h 
(Fig. 3B). The production of iNOS in C57BL/6 macrophages 
continues to increase over the next 42 h, and by 72 h it is again 
undetectable, probably due to the low cell metabolism. At the peak 
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Figure 2. Arginase expression and activity in BALB/c and 
C57BL/6 macropKiages. Cells (5x10*) were stimulated with 1 |ig/mL 
LPS for the Indicated periods of time. Total RNA was extracted, and mRNA 
levels of arginase I (A) and arginase 11 (B) were determined by Real Time RT- 
PCR. The relative levels of gene expression were calculated by reference to 
the p-actin expression In each sample, using the 2"^*"' method. Values 
represent the mean of samples assayed in triplicate. After stimulation with 
1 ng/mL LPS for the Indicated time, peritoneal macrophages (5x10^) were 
washed, lysed and assayed for arginase activity by urea quantification (Q. 
Values correspond to the difference between stimulated and non- 
stimulated cells, and the data are representative of three Independent 
and reproducible experiments. Additional experiments to Illustrate the 
variability in the results are shown in Fig. S2. 
doi:l 0.1 371 /journal.pone.009891 3.g002 

points, the expression of iNOS in C57BL/6 macrophages 
is, depending on the experiment, 3-7-fold higher than that of 
BALB/ c macrophages, which barely express the protein (Fig. 3B) 
and never reach comparable levels to C57BL/6 macrophages over 
the whole period of time. 
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Figure 3. iNOS protein and mRNA expression in BALB/c and C57BL/6 macropKiages. Cells (1 x10 ) were stimulated with 1 |ig/mL LPS for 
the indicated periods of time (A and B) or for 1 5 h and treatment with 50 ng/mL cycloheximide for the indicated periods of time (C and D). "+" ou 
"— " only represents cells that were previously treated with cycloheximide for 2 h before LPS treatment. Total protein extracts were analyzed by 
Western blot using specific anti-INOS and anti-)3-actin antibodies. The levels of iNOS were expressed as ratios of the signal intensity of the bands 
normalized to that of p-actin (B and D). Cells (5x10^) were stimulated with 1 |xg/mL LPS for the indicated periods of time. Total RNA was extracted, 
and mRNA levels of iNOS were determined by Real Time RT-PCR. The relative levels of INOS mRNA were calculated by reference to the p-actin 
expression in each sample, using the 2"'^'^'-' method (E). Values correspond to the mean of samples assayed in triplicate. Data are representative of 
three independent and reproducible experiments. Additional experiment to illustrate the variability in the result is shown in Fig. S3. 
dol:l 0.1 371/journal.pone.009891 B.gOOB 



Differential accumulation of iNOS in C57BL/6 and BALB/c 
macrophages is not a result of protein differential 
degradation and correlates with the expression of iNOS 
mRNA 

The higher accumulation of iNOS in C57BL/6 macrophages 
could be a consequence of a lower degradation rate of iNOS, a 
higher accumulation of its mRNA, or both. Using Western blot, 
we saw that the enzyme is equally stable in C57BL/6 and BALB/c 



macrophages for 7 h (then macrophages die) in the presence of 
cycloheximide at a non- toxic concentration that inhibits 
translation (Fig. 3C and D). This indicates that steady-state iNOS 
abundance in C57BL/6 macrophages and scarcity in BALB/c 
cells is not controlled by mechanisms affecting protein stability, 
suggesting that the difference in iNOS production is a conse- 
quence of differential mRNA accumulation. Indeed, real-time 
PGR showed that C57BL/6 and BALB/c macrophages differ 
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markedly in the expression of iNOS niRNA. It is observed as early 
as 3 h in both types (Fig. 3E) but, starting at 6 h, the difference 
between the two clearly increases. BALB/c macrophages accu- 
mulate a relatively low level of iNOS mRNA up to 15 h, 
decreasing thereafter, whereas in C57BL/6 cells, mRNA levels 
continue to increase up to 24 h, when they are approximately 5-7- 
fold higher (depending on the experiment) than in BALB/c 
(Fig. 3E). Since the half-life of iNOS mRNA is the same in both 
types of macrophages [10], these results, together, suggest that 
C57BL/6 and BALB/c macrophages differendy regulate the 
transcription of iNOS following TLR4 stimulation. 

Expression macrophages iNOS mRNA correlates with 
STAT-1, but not NF-kB, activation 

STAT- 1 and NF-kB are key trans-acting factors involved in the 
transcription of iNOS [24] . In an attempt to determine whether 
these transcription factors are differentially expressed and/ or 
activated in C57BL/6 and BALB/c macrophages stimulated with 
LPS, we carried out Western blot experiments using antibodies 
specific for STAT-1, p-STAT-1, p-NF-KB p65 and its inhibitor. 



iKB-a. We observed that the levels of total STAT-1 is higher in 
C57BL/6 than in BALB/c macrophages (Fig. 4A and C). We also 
saw that a doublet band (best seen in Figs. 5C and 6) reacted with 
the anti-p-STAT-1 antibody (Fig. 4A) that may correspond to p91 
(STAT-1 -a) and p84 (STAT-1 -(5) [25]. Thioglycolate-elicited 
C57BL/6, but not BALB/c macrophages, already has some 
phosphorylated STAT-1 that tends to disappear within 1 hour 
after harvesting (Fig. 4A). While LPS-induced phosphorylation of 
STAT-1 is noticeable in BALB/c macrophages, it is clearly 
stronger and longer lasting in C57BL/6 (Fig. 4A). Quantification 
of the two bands shows an approximate 2-3-fold difference in the 
levels of p-STAT-1 at 4 and 8 h, respectively, in C57BL/6 and 
BALB/c macrophages (Fig. 4E). As to NF-kB, p65 is phosphor- 
ylated in macrophages of both strains of mice by 1 5 min after LPS 
induction (Fig. 4B), although a somewhat greater amount of p65 
seems to be phosphorylated in BALB/c macrophages, based on its 
expression in Western blot (Fig. 4D). More evidendy, NF-kB is 
active for a longer period of time in BALB/c than in C57BL/6 
macrophages, as judged by the appearance of IkB-m in the cytosol 
at 30 and 60 min (Fig. 4B and F). These data do not correlate with 
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Figure 4. STAT-1 and NF-kB expression and activation in BALB/c and C57BL/6 macrophages. Total protein extracts of C57BL/6 or BALB/c 
peritoneal macrophages (1 xlO^) stimulated with 1 |ig/mL LPS for the indicated periods of time were analyzed by Western blot using specific anti- 
STAT-1, anti-pSTAT-1 (Y701) (A) or anti-pp65 (Ser536), anti-lKB-a (B) and anti-|3-actin antibodies (A and B). The levels of STAT-1 (C), p-STAT-1 (E), p-p65 
(D) or iKB-a (F) were expressed as ratios of the signal intensity of the bands normalized to that of |3-actin. Data are representative of three 
independent and reproducible experiments. 
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Figure 5. IFN-p mRNA expression and effect of IFN-p neutralization on NO production and STAT-1 activation in BALB/c and C57BL/6 
macropKiages. Peritoneal macrophages (5 x 1 0^) were stimulated with 1 |ig/mL LPS for the indicated periods of time. Total RNA was extracted and 
IFN-p mRNA levels were determined by Real Time RT-PCR. The relative levels of mRNA expression were calculated by reference to the p-actin 
expression in each sample, using the 2"'^'^'"' method (A). Alternatively, cells (1 xlO^) were stimulated for 24 h (B) or for the indicated periods of time 
(C-E) with 1 |ig/mL LPS in the presence or absence of the indicated concentrations (B) or with 200 U/mL of polyclonal anti-IFN-p (C-E). Culture 
supernatants were analyzed for N0^2 levels using the Griess reaction, as described in the IVIaterials and Methods. Purified normal rabbit IgG was used 
as an isotype control. (B) represents the dose-response of one experiment and (C) represents the time course of a second one, out of three 
independent experiments. Values represent the mean of samples assayed in triplicate. (D and E) represents STAT-1 activation as analyzed by Western 
blot of total protein extracts of C57BL/6 peritoneal macrophages (3x10^) using antibodies specific for pSTAT-1 (Y701) and P-actin. The levels of 
pSTAT-1 (E) were expressed as ratios of the signal intensity of the bands normalized to that of p-actin. Data are representative of three Independent 
and reproducible experiments. Additional experiments to illustrate the variability in the results are shown in Fig. S4. 
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the higher expression of iNOS in C57BL/6 macrophages. 
Together, these results indicate that STAT- 1, but not NF-kB, 
may account for the higher expression of iNOS in C57BL/6 
macrophages. 



IFN-p is responsible for the differential STAT-1 activation 
and NO production by C57BL/6 and BALB/c 
macrophages 

Because the binding of LPS to TLR4 does not directly induce 
STAT-1 activation [26,27], we searched for cytokines that do 
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Figure 6. Effect of exogenous IFN-p on NO production and STAT-1 activation in BALB/c and C57BL/6 macrophages. Peritoneal 
macrophages (1 xlO^) were stimulated with 1 |ig/mL LPS for the indicated periods of time. After 8 hs, supernatants of C57BL/6 and BALB/c cells, still 
devoid of NO, were swapped and, cells were cultured in the presence (dotted lines) or absence (dashed lines) of anti- IFN-p for the indicated periods 
of time, when supernatants were analyzed for N0"2 levels using the Griess reaction, as described in the Materials and Methods (A). Alternatively, 
1x10^ (B and C) or 3x10^ (D and E) were stimulated for 48 h (B) or for the indicated periods of time (C-E) with 1 |ig/mL LPS in the presence or 
absence of the indicated concentrations (B) or with 10 U/mL rIFN-p (C-E). Culture supernatants were analyzed for N0^2 levels as above (B and C). (B) 
represents the dose-response of one experiment and (C) represents the time course of a second one, out of three independent experiments. Values 
represent the mean of samples assayed in triplicate. D and E represent STAT-1 activation as analyzed by Western blot of total protein extracts of 
C57BL/6 peritoneal macrophages (3x10^) using antibodies specific for pSTAT-1 (Y701) and p-actin. The levels of pSTAT-1 (F) were expressed as ratios 
of the signal intensity of the bands normalized to that of p-actin. Data are representative of three independent and reproducible experiments. 
Additional experiments to illustrate the variability in the results are shown in Fig. S5. 
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perform this fanction. LPS induces the expression of TNF-a, IFN- 
P, IL- 1 P, IL-6, IL- 1 0 and IL- 1 2 in murine peritoneal macrophages 
[28], among which IFN-P is known to induce the phosphorylation 
of STAT-1 and to contribute to iNOS expression [29,30]. 
Therefore, we investigated the expression of IFN-P in LPS- 
stimulated C57BL/6 and BALB/c macrophages. Figure 5A shows 
that, indeed, thioglycolate-elicited C57BL/6 cells consistendy 
produced about twice as much IFN-P mRNA than BALB/c. 
When stimulated by LPS, C57BL/6 and BALB/c cells further 
differentially upregulate the expression of IFN-P, which peaks at 5 
h in both cell types. In this experiment, the relative amount of 
IFN-P mRNA in C57BL/6 macrophages was approximately 2.5- 
and 3-fold (up to 10-fold in other experiments) higher than in 
BALB/c cells by 1 and 5 h, respectively. At 15 h, both cell types 
have returned to basal levels, but at 24 h, a smaller second wave of 
IFN-P expression is detectable in C57BL/6 macrophages. 

To investigate whether IFN-P was being secreted and subse- 
quently stimulating the production of NO, an anti-IFN-P 
neutralizing antibody was used. Figure 5B depicts that the 
treatment of LPS-stimulated macrophages with anti-IFN-P 
blocked the production of NO by C57BL/6, but not by BALE/ 
c cells, in a dose-dependent manner, and figure 5C represents the 
whole time-course of another experiment. Normal rabbit IgG does 
not interfere with the production of NO by mouse macrophages 
(Fig. 5B). It is clear that upon neutrahzation of IFN-P, C57BL/6 
macrophages produce as Ktde NO as BALB/c cells. This 
demonstrates that the differential NO production resides in the 
differential ability of the macrophages to synthesize IFN-p. 
Neutralization of IFN-P does not eliminate the production of 
NO in either C57BL/6 or BALB/c macrophages, indicating that 
other LPS-induced pathways of iNOS synthesis that are indepen- 
dent of IFN-P are functioning and comparable in both types of 
cells. The neutralization of IFN-P in G57BL/6 cells also abolishes 
the phosphorylation of STAT-1, which is essential for the fuU 
transcription of iNOS (Fig. 5D and E). A counterproof experiment 
shows that supernatants from 8-h-LPS-stimulated C57BL/6 
macrophages (still devoid of NO) are able to make BALB/c cells 
as high NO-producers as those of C57BL/6. Neutrahzation of 
IFN-P prevents the cells to produce NO, corroborating that IFN-P 
is the responsible for inducing the additional NO production in 
C57BL/6 macrophages (Fig. 6A). Addition of rIFN-P to LPS- 
stimulated BALB/c cells recovers, in a dose-dependent manner, 
their potential to produce as much NO as C57BL/6 cells, 
demonstrating that what lacks in BALB/c mice macrophages to 
produce a high NO response is IFN-P (Fig. 6B). Figure 6C shows 
the time-course of another similar experiment. Crucially, rIFN-P 
also induces in LPS-stimulated BALB/c macrophages as much 
phosphorylation of STAT-1 as in C57BL/6 cells (Fig. 6D and E). 
Since STAT-1 is crucial for iNOS transcription, this shows that 
the surplus NO produced by C57BL/6 cells is due to the IFN-P- 
mediated activation of STAT-1, thereby increasing iNOS 
transcription. Poly (I:C), a TLR3 ligand kno^\'n to induce the 
synthesis of IFN-P, also induced a differential production of NO 
b\- peritoneal macr()[)hages and bone-marrow derived macro- 
phages (not shown), corroborating the above results. 

TNF-a and IL-10 are not involved in the differential 

production of NO 

We also examined the expression of IL- 1 0 and TNF-a, which 
usually inhibits and induces, respectively, NO production. We 
show that C57BL/6 cells expressed more IL-10 and less TNF-a 
than BALB/c, both at the mRNA (Figs. 7A and B) and protein 
(Figs. 7C and D) levels. Thus, expression of IL-10, but not TNF-a, 
correlates with the synthesis of iNOS. Neutralization of IL-10 or 



TNF-a does not significantiy affect (Fig. 7E and F), or only delayed 
(Fig. S6 E and F), NO syntiiesis by C57BL/6 or BALB/c 
macrophages (Fig. 7E and F). This shows that IL-10 and TNF-a 
are not involved in the differential production of NO. 

Discussion 

NO is a major effector molecule of macrophage antimicrobial 
and anti-tumor machinery [31]. The enzyme that catalyzes NO 
synthesis, iNOS, is induced by a variety of cytokines [32] and 
PAMP ligands of TLRs [33-37]. Even though a large amount of 
information regarding immune responses in infectious diseases has 
been produced, better understandings on the host resistance 
mechanisms are stiU needed. The finding that T helper 
lymphocytes differ in their patterns of cytokine production [38] 
led to a breakthrough in the understancUng of host resistance to 
infectious diseases. In the model oi Leishmania major infection, it has 
been shown that C57BL/6 mice, a healer phenotype, polarize 
their response to Thl whereas the non-healer BALB/c mice 
polarize it to Th2 [39,40]. Also in this model, unequivocal 
evidence showed that NO produced by macrophages activated by 
Thl -derived IFN-y is the main component in parasite control/ 
eradication [41,42]. 

The present work added a novel piece of information regarding 
the role of innate immunity by showing why C57BL/6 mice 
macrophages are much more responsive to TLR4-stimulated NO 
production than BALB/c cells, regardless of the adaptive response. 
Our interest in this differential response resides in the fact that, in 
vivo, early parasite containment, which is T cell-independent, NK 
cell- and IFN-y-dependent [43], and mediated by IFN-a/p- 
induced iNOS [44], is crucial for resistance of C57BL/6 to L. major 
[43]. Our assumption is that, before C57BL/6 mice can produce a 
Thl response, the inherent ability of their macrophages to 
produce adequate levels of NO, in response to PAMP or cytokines, 
would limit pathogen growth, pro\'iding additional advantage to 
the Thl responders. Conversely, the low ability of BALB/c cells to 
produce NO would favor microbe growth, aggravated by a Th2 
response. 

Our results that C57BL/6 macrophages are considerably more 
responsive to LPS than BALB/ c cells in producing NO agree with 
several reports using IFN-y plus TNF-a or LPS [3,6-10]. 
However, the molecular basis for the differential regulation of 
iNOS in C57BL/6 and BALB/c macrophages remains unknown. 
Isolating the TLR4-mediated signaling, by using LPS only, we 
showed that the low NO production by BALB/ c cells are not due 
to a delay in its synthesis (Fig. 1) or to a depletion of L-arginine by 
arginase (Fig. 2C). The higher NO synthesis by C57BL/6 cells 
correlates with the higher accumulation of iNOS (Fig. 3A and B), 
which, in turn, correlates with a higher iNOS mRNA expression 
(Fig. 3E). These accumulations are not due to a higher protein 
(Fig. 3C and D) or mRNA [10] stability. Like in LPS/IFN-y- 
double stimulated cells [10], the sole ligation of TLR4 differen- 
tially regulates iNOS expression in C57BL/6 and BALB/c 
macrophages. Together with the facts that the double-activated 
C57BL/6 macrophages express more p-STAT-1 and IRF-1, and 
that STAT-1 remains activated for longer than in BALB/c cells 
(unpublished results), these results strongly suggest that transcrip- 
tion of iNOS is more efficient in C57BL/6 than in BALB/c 
macrophages. This does not rule out that differences in the 
translation rate may also occur, as we previously suggested for 
LPS/IFN-y-stimulated C57BL/6 and BALB/c macrophages [10]. 

In LPS-stimulated macrophages, although STAT-1 and NF-kB 
are activated in both strains of mice, the degree or the timing of 
activation is different between them (Fig. 4). STAT-1 phosphor- 
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Figure 7. IL-10 and TNF-a expression and effect of IL-10 or TNF-a neutralization on NO production in BALB/c and C57BL/6 
macrophages. Cells (1 xlO'' or SxlO"") were stimulated with 1 ng/mL LPS for the indicated periods of time. Total RNA was extracted and IL-10 (A) 
and TNF-a (B) mRNA levels were determined by Real Time RT-PCR. The relative levels of mRNA expression were calculated by reference to the ji-actin 
expression in each sample, using the 2^'^'^'"' method. Protein levels of IL-10 (C) or TNF-a (D) were measured in culture supernatants by ELISA. Values 
represent the mean ±SD of samples assayed in triplicate. Alternatively, cells (1 xlO^) were stimulated for indicated periods of time (E and DR) with 
1 i^g/mL LPS in the presence or absence of 10 ng/mL of either a rat monoclonal IgG antibody specific for IL-10 receptor (E) or a mouse-human 
chimeric anti-human TNF-oc antibody (Infliximab) (F). Culture supernatants were analyzed for N0"2 levels using the Griess reaction, as described in the 
IVlaterials and IVIethods. Values represent the mean of samples assayed in triplicate. Data are representative of three independent and reproducible 
experiments. Additional experiments to illustrate the variability in the results are shown in Fig. S6. 
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ylation is not only stronger in C57BL/6, but also lasts longer than 
in BALB/c macrophages (Fig. 4A and E), whereas NF-kB 
activation in BALB/c cells is somewhat more prominent and lasts 
longer than in C57BL/6 cells (Fig. 4B, D and F). It is possible that 
the amount of active NF-kB in C57BL/6 macrophages, where 
STAT-1 is effectively activated, is sufficient for the fuU transcrip- 
tion of iNOS, while the scarcity of p-STAT-1 in BALB/c 
macrophages (Fig. 4A and E) impairs transcription of iKOS even 



in an environment of a stronger NF-kB activation. This result 
confirms that NF-kB is not sufficient for the transcription of iJiOS 
and points STAT- 1 as a candidate accountable for the differential 
expression of iNOS by the two types of macrophages. 

It has long been known that endogenous IFN-|3 provides an 
essential signal for LPS-triggered NO production by murine 
macrophages [30,45]. Moreover, the expression of iNOS in 
macrophages activated by the sole stimulation of TLR4 is 
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dependent on the phosphorylation of STAT-1, which is largely 
attributed to this cytokine [45,46], which is confirmed here (Figs. 5 
and 6). The novelties are: 1) this important pathway for iNOS 
transcription is severely impaired in BALE/ c macrophages; 2) this 
is the reason why these cells are unable to produce as much NO as 
C57BL/6 macrophages. The latter conclusion is clearly demon- 
strated by the combined facts that I) neutralization of IFN-P a) 
abolishes the phosphorylation of STAT-1 in LPS-stimulated 
C57BL/6 macrophages (Fig. 5D and E), b) leaves them equivalent 
to BALB/c cells as to the production of NO (Figs. 5B and C), and 
c) abrogates the ability of LPS-stimulated C57BL/6 macrophages 
supernatants to induce in BALB/c cells a NO production 
equivalent to that of C57BL/6 (Fig. 6A) and that 2) exogenous 
rIFN-P induces the STAT-1 phosphorylation (Fig. 6D and E) and, 
consequently, the production of NO in BALB/c macrophages 
(Fig. 6B and C). In the light of the well-established knowledge that 
the binding of p-STAT-1 to iNOS promoter is essential for the fuU 
transcription of the gene [24,30] and of our results showing that 
LPS-treated BALB/c macrophages phosphorylates very little 
STAT-1 in comparison to LPS-treated C57BL/6 (Fig. 4), which 
is restored by rIFN-P (Fig. 6D and E), it is predictable that, in a 
context of no p-STAT-1, no binding to iNOS promoter will occur 
and full transcription of iNOS cannot take place, curtailing NO 
production, as in LPS-treated C57BL/6 lacking IFN-P (Fig. 5D 
and E). The restoration of NO production by rIFN- P BALB/c 
macrophages also reveals that BALB/ c deficiency lies in the TLR4 
rather than in the IFN- P signaling, which we are currently 
investigating. BALB/c macrophages are also defective in the 
TLR3-mediated signaling for NO production, sin[:e they are also 
poorly stimulated by poly (I:C) as compared to C,t7BL/6 cells (not 
shown). The fact that poly (I:C) induces IFN-P production [34] 
through TRIF/IRF-3 pathway further reinforces that the impair- 
ment to produce IFN-P is a key determinant in the deficiency of 
BALB/c macrophages in producing NO and suggests that the 
deficiency resides in this branch of TLR4-signaling. Because NF- 
kB activation (Fig. 4) and TNF-a expression (Fig. 7) do not 
correlate with iNOS expression, ligation of TLR4 in C57BL/6 
macrophages seems indeed to signal preferentially through 
Myd88- PKR-independent/TRIF-dependent pathways, involved 
in IFN-P production, through IRF-3 activation [47], as opposed to 
BALB/c cells. Thus, in C57BL/6 and BALB/c macrophages, 
TLR4 signals toward the autocrine activations of IFN-P and TNF- 
a, respectively. 

IL-10 and TNF-a are usually known to, respectively, inhibit 
[48] or induce [49] NO synthesis. In LPS-activated macrophages, 
however, the dilferential productions of IE- 1 0 (Fig. 7A and C) and 
TNF-a (Fig. 7B and D) do not account for the differential iNOS 
expression since their neutralization does not impair NO synthesis 
by C57BL/ 6 cells to the level of BALB/c cells or vice-versa (Fig. 7E 
and F). This is coherent with the inverse correlation of NF-kB 
activation or TNF-a production with iNOS expression (Figs. 3, 4, 
7B and D). The facts that TNF-a is less expressed in C57BL/6 
than in BALB/c cells, and the opposite is observed for IL-10 and 
IFN-P (Figs. 5 and 7), are also consistent with the activation of the 
transcription factors involved in the expression of TNF-a (NF-kB) 
[50], IL-10 [51] and lEN-li (STAT-1) [48]. 

The involvement of NO [52], IFN-P [53] and TLR4 [54,55] in 
early resistance to L. major has already been established in mice. 
Moreover, Leishmania proteoglycolipids [55] and glycoinositol 
phospholipids [56] are stimulators of macrophage TLR4, and 
C57BL/6 and BALB/c macrophages diffentiaUy produces NO 
when stimulated by Leishmania glycoinositol phospholipids [56] or 
lipophosphoglycans [57]. In vitro, L. major triggers the release of 
IFN-a/p by macrophages, and neither one alone induces iNOS. 



Furthermore, IFN-a/p-positive macrophages are detected in the 
skin of C57BL/6 mice at day 1 of infection [43]. No comparative 
studies have determined, so far, why the TLR4-induced NO 
synthesis in macrophages is higher in C57BL/6 than in BALB/c, 
without Th cells interference. Here we show, for the first time, that 
macrophages from BALB/c mice, which die from L. major 
infection, are intrinsically low NO producers because they are 
defective in the TLR4 signaling for IFN-P expression (thus in 
STAT-1 activation), as compared to C57BL/6 mice, resistant to 
this parasite. Also importantiy, our findings indicate that 
macrophages may indeed be the major source of IFN-P in L. 
major infection in vivo, as previously suggested [53]. The difference 
between C57BL/6 and BALB/c in the TLR4-IFN-P-STAT-1- 
iNOS pathway in the absence of adaptive responses is a novel 
finding that substantiates previous conclusions that early mecha- 
nisms involving TLR4, IFN-P and NO [52-55,58] are funda- 
mental to host resistance. 

A central aspect of the present findings is the correlation 
between the resistant/susceptible mouse phenotypes with the 
intrinsic ability of their macrophages to produce NO, regardless of 
any ongoing adaptive Thl/Th2 response. In vivo, with slight 
amounts of PAMP/cytokines, C57BL/6, but not BALB/c, 
matTophages may kill a pathogen via NO, far ahead of T cell 
influence. The differences observed here may also account for 
C57BL/6 and BALB/c macrophages skill to distinctiy affect 
subsequent production of Thl or Th2 cytokines [3]. This 
correlation implicates macrophages as potential early contributors 
to the outcome of the infection by decreasing/increasing pathogen 
burdens while the adaptive immune response is in progress, and by 
skewing this response in a Thl/Th2 direction, consolidating host 
resistance/ susceptibility. 

Supporting Information 

Figure SI NO production by BALB/c and C57BL/6 
macrophages. 

(TIF) 

Figure S2 Arginase expression and activity in BALB/c 
and C57BL/6 macrophages. 

(TIF) 

Figure S3 iNOS protein and mRNA expression in 
BALB/c and C57BL/6 macrophages. 

(TIF) 

Figure S4 STAT-1 and NF-kB expression and activation 
in BALB/ c and C57BL/ 6 macrophages. 

(TIF) 

Figure S5 IFN-P mRNA expression and effect of IFN-P 
neutralization on NO production and STAT-1 activation 
in BALB/c and C57BL/6 macrophages. 

(TIF) 

Figure S6 Effect of exogenous IFN-P on NO production 
and STAT-1 activation in BALB/ c and C57BL/6 macro- 
phages. 

(TIF) 
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